& Key message The suite of traits expressed as seedlings by coastal and mountain longleaf pine and south Florida slash pine suggest they can survive fire in the seedling stage. In contrast, loblolly pine and typical slash pine tolerate fire when mature but do not exhibit traits that allow them to survive fire when young, representing a different strategy for survival in frequently burned communities. & Context Fire is an important driver in the distribution and abundance of southern US pine species, and seedling fire tolerance often determines individual survival under frequent fire regimes.
& Aims We investigated seedling growth, biomass allocation, needle distribution, bark thickness, and total non-structural carbohydrate (TNC) storage in taproots and related them to the expression of fire-tolerance for five species or types, including loblolly pine (Pinus taeda L.), two longleaf pine (P. palustris Mill.) types representing two distinct ecological communities (coastal and mountain) and two slash pine (P. elliottii Englem.) varieties. & Methods We analyzed the relationship of seedling growth, biomass characteristics, and total non-structural carbohydrate storage between species by using analysis of variance. & Results Both coastal and mountain longleaf pines had thick bark, long, densely arranged needles, and a grass-stage. South Florida slash pine shared the same suite of traits but, contrary to previous reports, displayed reduced height growth rather than a grass-stage. In contrast, loblolly pine and typical slash pine had faster height growth, more branching, lower needle density, and thinner bark. Both longleaf pines and south Florida slash pine also had higher TNC storage in taproots than either loblolly or typical slash pines. & Conclusion The relative strength of expression of these fireadaptation traits among the five species types generally
Introduction
The evolution of the genus Pinus has been closely linked to fire regimes and site conditions, with the divergence of the subgenera Strobus (Haploxylon, with one fibrovascular bundle in the needle) and Pinus (Diploxylon, with two fibrovascular bundles in the needle) broadly associated with tolerance of abiotic stress and tolerance of fire, respectively (Keeley 2012; Millar 1998) . Species within the subgenus Strobus (e.g., P. flexilis James, P. aristata Engelm.) have been described as "fire-avoiders," whereas those within the Pinus subgenus are further differentiated as "fire-tolerators" (e.g., P. pinaster Aiton), "fire-embracers" (e.g., P. contorta Douglas ex Loudon), and "fire-refugia" species (e.g., P. sabiniana Douglas ex Douglas) (Keeley and Zedler 1998) . Traits of fire-tolerators may include thick bark, a seedling grass-stage, protected buds, and canopy recovery from scorch, which allows individuals to survive during fire and are often associated with frequent, low-to moderateintensity fire regimes (Keeley 2012) . Traits associated with fire-embracers may include serotiny, seed germination after fire, sprouting capacity, and fast initial growth, which may allow the species to successfully regenerate after fire and are often associated with less frequent but high-intensity fire regimes (Keeley and Zedler 1998) . Fire-refugia species fit into neither of the other two syndromes but act as the source population for expansion following fire (Keeley 2012) .
The southeastern USA is generally characterized by frequent, low-intensity, surface fires (Brown and Smith 2000) , and fire-adaptive traits of seedlings are especially important for defining the regeneration strategies under a frequent surface fire regime (e.g., O'Brien et al. 2008) . However, even within fire frequent surface ecosystems, fire-return intervals may vary in relation to site productivity, species composition, regional climatic variability, and topo-edaphic factors. Once they reach maturity, pines are commonly protected from surface fire by thick bark, crown height, and self-pruning. However, seedlings and saplings are directly exposed to surface fires and thus more vulnerable to mortality (Keeley 2012) . The frequency of fire within a community type may be expressed by the fire-adaptive traits of pine seedlings that occupy a particular fire regime.
Several morphological and physiological traits during the seedling stage may be associated with fire-tolerance in frequent fire ecosystems. For example, for species that have a grass-stage, the seedlings have minimal stem elongation but produce a tuft of needles surrounding the apical bud at the ground surface. Growth during this stage is allocated to foliage, root development, belowground carbon storage, and stem/bark development at the root collar (O'Brien et al. 2008) . It has been speculated that the storage of nonstructural carbohydrates in the roots provides energy for regrowth of foliage following fire consumption and/or rapid height growth as seedlings emerge from the grass-stage (Guo et al. 2004; Kuehler et al. 2006; Mims 2015) . Additionally, the development of thick bark in seedlings provides protection from heat exposure to the cambial tissue, with evidence that patterns in bark thickness at broad scales are associated with evolutionary pressure from fire (Pausas 2015) .
Of the dominant southeastern US pine species, longleaf pine (P. palustris Mill) is considered the most fire-tolerant because of its grass-stage, long needles that protect the apical bud, and thick bark. Longleaf pine occurs within several ecoregions across the southeastern USA, with the greatest extent occurring within Coastal Plain ecoregions. However, a relatively small portion of the longleaf pine range occurs within the Piedmont and Montane Uplands ecoregion in northern Alabama and Georgia (Peet 2006) . Despite clear differences in topo-edaphic characteristics between the Piedmont and Montane Uplands ecoregion and Coastal Plain ecoregion, it is not clear if longleaf pine seedling traits differ by ecoregion. Slash pine (P. elliottii) is characterized by two varietals (slash pine: var. elliottii Englem. and south Florida slash pine: var. densa Little and Dorman) based on ecological region and clinal variation (Squillace 1966) . South Florida slash pine is considered more fire-tolerant than typical slash pine and expresses several fire-adaptive traits similar to longleaf pine, including thick bark and a documented grassstage (Lohrey and Kossuth 1990) . Typical slash pine is vulnerable to fire when young but becomes more fire-tolerant with age as trees develop thick bark and high open crowns. Similar to typical slash pine, loblolly pine (P. taeda L.) is susceptible to fire in early life stages but may survive surface fire as tree size increases. The ranges of these species and their associated site characteristics overlap (Online Resource 1), suggesting that differences in fire regime may be a critical driver of pine dominance in the southeastern USA (Frost 2006; Schultz 1999) .
The purpose of our study was to determine differences in morphological and physiological fire-adapted traits among three common southeastern US pine species (i.e., loblolly, longleaf, and slash pine) under controlled greenhouse conditions. We studied five species types, including longleaf pine seedlings from the two ecoregions (Atlantic Coastal Plain, referred to as "coastal" and Piedmont and Montane Uplands, referred to as "mountain"; Peet 2006), both slash pine varieties (referred to as "typical" and "south Florida" slash pines) and loblolly pine. Our specific objectives were to (1) compare patterns in growth, biomass allocation, and needle distribution along the stem, bark thickness, and total non-structural carbohydrate (TNC) concentration in taproots among the five species types and (2) relate morphology and physiology to the expression of seedling fire-tolerance traits among these species types. Specifically, we used the seedling data collected to develop simple indices to quantitatively express five commonly described fire-tolerator traits (Table 1) . Grass-stage seedlings delay stem elongation but increase root collar diameter (RCD), and we used the ratio of RCD to height as an expression of the grass-stage (1). Bark thickness provides an important measure of meristem protection and was represented as the proportion of basal area (ba) in bark to the proportion of basal area in wood (2). Self-pruning reduces the risk of crown consumption and scorch, which we expressed as the inverse of branch biomass (3). Root TNC may contribute to recovery following foliar consumption during fire and was expressed as the TNC concentration (4). The consumption of needles may affect fire behavior by increasing the rate of fire spread as well as deflecting heat from the meristematic tissues, and we used the ratio of needle biomass to total seedling biomass to express needle allocation (5). We hypothesized that the two longleaf pine types and south Florida slash pine would express traits associated with surviving frequent fire while typical slash pine and loblolly pine would express traits associated with rapid growth to escape damage from the next fire.
Materials and methods

Seed source
Loblolly pine (coastal SC origin) seeds and coastal longleaf pine seeds were provided by South Carolina Forestry Commission's (SCFC) Taylor Tree Nursery (Trenton, SC). Mountain longleaf pine seeds were collected from mature mountain naturally regenerated longleaf pine stands at Berry College in Floyd County, Georgia. Slash pine seeds, both typical and South Florida varieties, were provided by Florida Forest Service's Andrews Nursery.
Seedling culture in greenhouse
Seedling culture was conducted at the Clemson University greenhouse in Clemson, South Carolina. Seeds of each species type were planted according to standard tree nursery propagation methods from SCFC Taylor Tree Nursery. Initial planting occurred April 18 and 21 2014 (time of planting or month 0; "M0"). Seeds were sown on a mixture of 40% peat, 40% coarse vermiculite, and 20% horticultural grade perlite and covered lightly with vermiculite. Trays were fertilized with 18-6-12 Osmocote® (The Scotts Company, Marysville, OH) slow release fertilizer with 9-month residual and applied at a rate of 3.56 kg/m 3 . Pots were watered daily. After seed germination and initial growth, due to space constraints for the accommodation of larger pot sizes, a population of 30 (25 for loblolly pine and coastal longleaf pine due to initial mortality) of the best-performing seedlings per species type (n = 140) were used for the study. The seedlings transplanted to 0.5-gal (1.9-l) nursery trade pots on July 18, 2014. On January 9, 2015, seedlings were transplanted into 1-gal (3.8-l) nursery trade pots and fertilized with Osmocote®.
Data collection
We conducted initial measurements of seedling size (RCD and height) on August 23, 2014 (5 months after planting; "M5"), after the first transplanting. The two subsequent measurements were conducted on January 6, 2015 ("M9") and May 20, 2015 ("M13") . RCD was measured using digital calipers (0.01 mm accuracy), and height was measured with a meter stick (1 cm accuracy). (2003) Bark thickness (2) Protection of cambial tissue from heat exposure baBARK/baWOOD ratio Jackson et al. (1999; Pausas (2015) Self-pruning (3) Reducing ladder fuels that enable movement of fire to tree crown 1/BB Keeley and Zedler (1998) Carbohydrate accumulation (4) Storage of carbohydrate for allocation to recovery post-fire TNC concentration Mims (2015) Protected buds (5) Allocation of biomass to needles that may be consumed during fire NB/TB Fonda (2001); Schwilk and Ackerly (2001) HT height, RCD root collar diameter, baWOOD basal area of wood at root collar diameter, baBARK basal area of bark at root collar diameter, BB branch biomass, TNC total non-structural carbohydrate, NB needle biomass, TB total biomass Seedlings were destructively sampled for biomass measurement in M9 and M13. For each destructive sample, seedlings were divided into main stem, lateral branches, needles, lateral roots, and taproot sections. Samples were oven dried at 80°C to reach a constant mass, and weight (within 0.05 g) was determined. For the M9 biomass harvest, eight seedlings per species type were selected (n = 40). All surviving seedlings were destructively sampled for biomass for the M13 harvest (coastal longleaf pine n = 16, mountain longleaf pine n = 20, typical slash pine n = 20, south Florida slash pine n = 20, and loblolly pine n = 16). During the study period, one seedling died of coastal longleaf pine and loblolly pine, and two seedlings died for each mountain longleaf pine, typical slash pine, and south Florida slash pine. On the final harvest date (M13), bark thickness (mm) at the root collar was determined for six randomly selected seedlings per species type (n = 30). Bark thickness was determined by measuring the outside and inside bark diameters at three locations on the root collar, with the first measurement point located randomly and the two additional measurements at 45°and 90°from the initial measurement point. The three inside and outside bark diameters were averaged, and the inside diameter was subtracted from the outside and divided by two to derive the average bark thickness. Basal area of the area inside bark (basal area of wood; baWOOD) and the basal area of bark (baBARK) were calculated based on the average diameter.
Needle allocation
A stratified, simple random sample was taken in M12 (April 2015) to determine the number of needles along the stem, needle density, and needle length for loblolly, typical slash pine, and south Florida slash pine. Longleaf pine was not included because it had no stem elongation. Each seedling was divided into quarters based on their total height that served as the strata [top (1), upper middle (2), lower middle (3), and bottom (4)], with an individual section serving as a sampling unit. Differences in height among species resulted in different quarter section lengths but provide information on the distribution of needle allocation. The stem was divided to reduce variability within sections and account for the variation between sections. We initially sampled three randomly selected individuals by species type to estimate variability in the number of needles within each stratum to determine sampling intensity. The number of units sampled in each stratum was determined using Neyman's optimal allocation formula:
where N g is the number of individuals for the species type for a stratum, and s g is the standard deviation for the type in the stratum of interest.
For each seedling, a randomly located 2 cm area within the each stratum was delineated. All needles were removed within the delineated area, counted, and measured for needle length. Number of needles per stratum was determined by dividing the number of needles within the 2 cm sample area by 2 and multiplying by the total length (total number of centimeters) of that portion of the stratum.
TNC concentration
The same six seedlings per species type used for bark thickness were also used to determine total non-structural carbohydrate (TNC) concentration in the taproot (n = 30). These individuals were harvested in M13. The taproot of each seedling was removed, rinsed to remove any debris, and placed on dry ice until oven-dried (within 2 h of dissection). Samples were initially oven-dried at 100°C for 1 h to halt any enzymatic processes, then oven-dried at 80°C for 48 h, and continued at 60°C for an additional 5 days. Taproot samples were then ground to pass through a 0.5-mm sieve and stored in Wheaton 125-ml bottles until the chemical processing was performed.
The TNC concentration within each taproot was determined through extraction using the acid method described by Murphy (1958) and Smith et al. (1964) . A 0.3-g sample of each species type was boiled for 2 h in 40 ml HCl (0.2 N), then filtered through No. 2 filter paper into a 100-ml volumetric flask. Distilled water was used to increase the filtrate to 100 ml. A 1-ml aliquot of the filtrate was diluted with 4 ml distilled water, and 1 ml of the dilution and 5 ml anthrone reagent were placed in a test tube. This mixture was heated in a water bath to 95°C. After heating, the concentration of TNC was measured spectrophotometrically under the wavelength of 627 nm. Carbohydrate concentration was determined from the absorbance of each sample compared to a standard of glucose at 627 nm. The TNC concentration was calculated using the following equation:
TNC of sample mg=g ð Þ¼TNC concentration in aliquot mg=ml ð Þ * 5 dilution ð Þ * 100 ml ð Þ=dry weight of root sample 0:3 g ð Þ
Each tap root was processed three times to account for variability within each 0.3 g sample. The repeated measures were then averaged for each individual to serve as the sampling unit.
Data analyses
To address objective 1, we measured several characteristics of seedling morphology and physiology, including root collar diameter (RCD), height, biomass of needles, stem, branches, lateral roots, and taproot, number of needles by section, average needle density (no. of needles per cm), average needle length, bark thickness, and TNC concentration (mg/g) in the taproot. Growth data (RCD and height) were compared by month and species type and their interaction using repeated-measures analysis of variance (ANOVA). We used a one-way ANOVA to determine differences among species types for biomass of each seedling section (e.g., needles, stem, branches, lateral roots, and taproot) in M9 and M13 as well as for the proportion of total biomass allocated to each seedling section among species types.
For the six seedlings of each species type randomly selected for TNC concentration within the taproot and bark thickness, we used a one-way ANOVA was used to determine differences among species types. We also used a one-way ANOVA to compare the number of needles per stratum, needle density per centimeter, and needle length for each stratum. A comparison of means was calculated when ANOVA was significant at an alpha of 0.05 using Student's t test. We conducted power analyses to make sure that the variable sample sizes used in the above statistical analyses would be adequate, with results indicating that all our analyses resulted in an actual power greater than 0.99.
To assess objective 2, the five indices for fire-tolerance traits, we calculated a standardized effect size for each species type as
where S i is the standardized effect size for species i, m i is the mean estimate for species i, and m all is the mean estimate across all species types. Species types with mean estimates equal to the mean estimate across all species types have standardized effect size of 0; positive values of 1 indicate the species type has a mean estimate twice the mean estimate across all species types and negative values of − 0.5 indicated the species type has a mean estimate that is half that of the mean estimate across all species types. We used spider graphs to consider the composite expression of these five traits as indication of the degree to which the species types expressed fire-tolerator traits.
Data were analyzed using SAS® 9.1.3 SAS Institute Inc., Cary, NC. Data are reported as means and standard errors of the mean. For seedling biomass variables, data were square root transformed to meet the assumptions of hypothesis testing, but values are reported in original scale to ease interpretability. Any p value less than or equal to 0.05 was considered evidence of a significant difference.
Results
Growth
Although all species types increased RCD at each measurement time, there were differences in the rate at which they grew (Online Resource 2). Regardless of month, loblolly pine had a significantly smaller RCD than the other species types (F = 832.9; p < 0.01). By M13, south Florida slash pine (21.1 ± 0.7 mm) had a significantly larger RCD than mountain longleaf (19.0 ± 0.6 mm), typical slash pine (18.1 ± 0.4 mm), and coastal longleaf pine (17.6 ± 0.4 mm).
Regardless of month, coastal and mountain longleaf pines remained in the grass stage and thus were significantly shorter than other three species types. However, differences in height among the other species types depended on time (Online Resource 3). By M13, loblolly pine (89.5 ± 1.6 cm) and typical slash pine (90.4 ± 2.8 cm) were similar in height and were both significantly taller than south Florida slash pine (60.7 ± 2.7 cm).
Biomass allocation
Total biomass differed among species types in M9 (F = 10.7; p < 0.01) and M13 (F = 24.8; p < 0.01) (Fig. 1) . In M9, typical slash pine had significantly greater biomass than the other species types, while south Florida slash pine, loblolly pine, coastal longleaf pine, and mountain longleaf pine were not different. In M13, typical slash pine and south Florida slash pine had greater total biomass than loblolly pine, mountain longleaf pine, and coastal longleaf pine.
Aboveground biomass allocation, needle density, and bark
Species types differed in their allocation of biomass to aboveground tissues (F = 9.6; p < 0.01), with the greatest aboveground allocation for south Florida slash pine (72 ± 2%). Loblolly pine (66 ± 2%), typical slash pine (65 ± 2%), and mountain longleaf (63 ± 2%) had similar aboveground allocation patterns, and coastal longleaf (58 ± 2%) allocated the least to aboveground tissue growth.
Although, the shortest among the three species types with an erect stem, south Florida slash pine, allocated proportionally more aboveground biomass to stem biomass (Table 2) . Typical slash pine and south Florida slash pine also had greater stem biomass than loblolly pine (Fig. 1) . Average bark thickness at the root collar and the ratio of bark area to wood area differed by species type. Mountain longleaf pine (4.0 ± 0.7 mm), south Florida slash pine (3.9 ± 0.9 mm), and coastal longleaf pine (3.4 ± 0.3 mm) had significantly thicker bark than typical slash pine (2.2 ± 0.4 mm) or loblolly pine (1.4 ± 0.3 mm). The ratio of bark basal area to wood basal area was significantly higher for mountain longleaf pine (Table 2) . Additionally, the total amount of branch biomass of loblolly pine and typical slash pine was greater than south Florida slash pine (Fig. 1) .
Mountain and coastal longleaf pines allocated proportionally more biomass to needles than the other species types (Table 2) . However, total needle biomass was greatest for south Florida slash pine and typical slash pine, followed by mountain longleaf pine (Fig. 1) . Loblolly pine had the second lowest needle biomass followed by coastal longleaf pine.
Loblolly pine had significantly fewer needles in the top stratum and significantly more needles in the bottom stratum than either typical or south Florida slash pines (Table 3) . South Florida slash pine had significantly more needles in the upper middle stratum than loblolly pine or typical slash pine. South Florida slash pine had greater density of needles in the top and upper middle stratum than either loblolly pine or typical slash pine. Typical slash pine did not have needles on the lower stratum. South Florida slash pine Table 2 Mean (± SE) proportional (%) allocation of seedling section (needles, stem, branch, lateral root, and taproot) to total biomass in month 9 (M5) and month 13 (M13)
Species
Needles Stem Branch Lateral Root Taproot   M9  M13  M9  M13  M9  M13  M9  M13  M9 Statistical significance (alpha = 0.05) was determined using an ANOVA within strata across species type. Significant differences between species types were determined using pairwise comparisons and are indicated by differences in lowercase letters Statistical significance (alpha = 0.05) was determined using an ANOVA within strata across species types and significant is indicated by italics. Significant differences between species types were determined using pairwise comparisons and are indicated by differences in lowercase letters had longer needles on the upper middle stratum compared to both loblolly and typical slash pine. Loblolly pine had shorter needles on the lower stratum than either slash pine type.
Belowground biomass allocation and TNC concentration
Loblolly pine allocated significantly more biomass to the taproot than mountain longleaf pine and south Florida slash pine (Table 2) . Similarly, south Florida slash pine, typical slash pine, and coastal longleaf pine allocated more to taproot biomass than mountain longleaf. Total taproot biomass also differed by species type (Fig. 1) . Typical slash pine, loblolly pine, and south Florida slash pine had similar taproot biomasses. However, south Florida slash pine was also similar to coastal longleaf. Mountain longleaf had the smallest taproot biomass and was similar to coastal longleaf. Total non-structural carbohydrate concentrations in taproots were significantly different by species type (F = 10.3; p < 0.001) (Fig. 2) . Mountain longleaf pine, coastal longleaf pine, and south Florida slash pine had significantly greater concentrations of TNC in taproots than typical slash pine or loblolly pine.
Expression of fire-adaptation traits
The standardized effect size for each of the five fire adaptation indices provided a comparison of the strength of trait expression relative to the mean among the studied species types ( Fig. 3 ; Online Resource 4). The composite of the standardized effect sizes for these five indices suggests that the two longleaf pine types have the strongest expression of fire tolerance, followed by south Florida slash pine, typical slash pine, and loblolly pine. Bark thickness (i.e., calculated as the standardized ratio of basal area in bark to the basal area in wood) and non-structural carbohydrate traits were most strongly expressed by both longleaf pine types and south Florida slash pine, and the two longleaf pine types most strongly expressed the grass stage and low branching adaptation. There was relatively low variability among the five species types for the ratio of needle biomass to total biomass, as an expression of foliage production to protect buds from heat damage from fire.
Discussion
The variation in fire frequency has been an important driver in the distribution and abundance of southern pines. It is widely acknowledged that a fire frequency of 1-5 years is associated with the historical dominance of longleaf pine in southern coastal plains (Frost 1998) . With longer fire-return intervals or fire suppression, loblolly pine and other hardwood species will replace longleaf pine as a dominant species in the northern coastal plains, and further south, typical slash pine may become favored (Agee 1998) . Loblolly pine and typical slash pine readily invade longleaf pine stands due to their frequent and abundant seed production, rapid early growth, and ability to withstand fire after the sapling stage (Lohrey and Kossuth 1990) . Where longleaf pine and south Florida slash pine overlap in range, they are often found co-occurring in transition zones. While these patterns in the distribution and abundance of southern pines are commonly discussed in association with fire regimes, few studies have directly quantified the morphology and physiology of southern pine seedlings to describe fire tolerance.
Although generally considered "fire tolerators," our results clearly indicated that southern pines differ in their fire adaptations during the seedling stage, resulting in markedly different strategies for regeneration success. In some cases, species considered fire tolerators at maturity (i.e., thick bark, selfpruning, and canopy recovery from scorch) may actually represent different fire-adaptive strategies (i.e., fire-refugia species) when early life stages are also considered. For example, Fig. 2 Total non-structural carbohydrate (TNC) concentration in the taproot of pine seedling types grown in greenhouse conditions. Total nonstructural carbohydrate concentration was determined 13 months since planting (M13). Significant differences between species types are indicated by differences in letters mature loblolly pine and slash pine are tolerant to fire from the development of thick bark with tree age and less susceptibility to mortality from crown scorch (Allen 1960; Wright and Bailey 1982) . However, when loblolly pine is less than 9 years old, 25% needle consumption can result in over 75% mortality (Ferguson 1955) . Within a frequently burned landscape, unburned patches may act as a refugia for seeds and seedlings of loblolly and typical slash pines.
One of the most striking fire adaptation traits in Pinus is the grass stage. The grass stage has been characterized as delayed development of the stem, where internode elongation is suppressed during early growth (up to more than 10 years) to create the appearance of a bunchgrass growth form (Keeley and Zedler 1998; Rodriguez-Trejo and Fule 2003; Wahlenberg 1946) . Because seedlings in the grass stage are vulnerable to competition (Wahlenberg 1946) , this strategy is largely restricted to oligotrophic substrates where frequent, low-intensity fires prevail (Keeley 2012) . Despite the resource requirements from the frequent consumption of aboveground foliar tissue, longleaf is able to persist due to the fire-adapted traits associated with the grass-stage growth strategy.
Our results confirmed that seedlings of longleaf pine, both coastal and mountain, remained stemless, whereas south Florida slash pine, even as a recent germinant, had an erect stem similar to typical slash pine and loblolly pine (Fig. 4) . South Florida slash pine has been documented to have a grass stage similar to longleaf pine (Lohrey and Kossuth 1990) , but previous descriptions suggest it may be less pronounced than that of longleaf pine (Mirov 1967; Perry et al. 1998 ). Our findings show that young south Florida slash pine seedlings do not remain stemless (i.e., lack of a true grass-stage) but express many traits, similar to longleaf pine, which allow it to persist under similar fire return intervals. This finding highlights that (1) the grass stage, although used to exemplify fire adaptation of pine seedlings, may be considered to be the expression of a suite of fire adaptation traits, and (2) the strength of expression of fire adaptation traits occur along a continuum among species. Although our study did not evaluate naturally regenerated seedlings in the field nor sampled seeds from all possible populations, it is unlikely that south Florida slash pine would develop a true grass stage in the field because the grass-stage trait is genetically controlled (i.e., Nelson et al. 2003; Pausas 2015) .
The density and arrangement of needles around the stem and apical bud may provide a protective mechanism against heat for sensitive tissues (Chapman 1947; Wahlenberg 1946) . During the grass stage, needles are decumbent and insulate the apical bud from the heat of surface fires (Rodriguez-Trejo and Fule 2003) . Although south Florida slash pine does not have a grass stage, it has the greatest needle density on the top two thirds of the stem compared to typical slash pine and loblolly pine. In addition, like longleaf pine, south Florida slash pine also has highly flammable needles (Fonda 2001) , supporting frequent surface fires that burn quickly and completely and reduce the heating residence time experienced by seedlings. Furthermore, lack of branching in sapling stage longleaf pine has also been attributed to the reduced potential for crown fires at juvenile stages (Chapman 1932) . Therefore, the significantly less lateral branching in south Florida slash pine, compared to typical slash pine and loblolly pine, may also benefit seedling survival. The reduced height growth and lack of branch development when combined with dense and long needles may create the grass-stage appearance of south Florida slash pine.
Bark thickness in fire-prone ecosystems has been proposed to increase species fitness, and the variability seen in bark thickness may be related to the variability of fire regimes (Pausas 2015) . Species adapted to frequent surface fire regimes favor early investment in bark over allocation to wood (Jackson et al. 1999) , as demonstrated by both longleaf pine types and south Florida slash pine. Similar patterns in bark thickness among co-genera species are seen in Quercus, where species with thick bark are associated with surface fire regimes (Zedler 1995) . Bark thickness of 5 to Fig. 4 From left to right: typical slash pine; loblolly pine; south Florida slash pine, and longleaf pine (coastal). Photo taken August 24, 2014. Individuals were selected at random surface fire (Harmon 1984) . After 1 year of growing in greenhouse conditions, bark thickness of both longleaf pines and south Florida slash pine approached 4 mm, twice as thick as typical slash and loblolly pine.
Belowground storage non-structural carbohydrates by grassstage longleaf pines has been suspected to provide energy for rapid height growth following grass-stage emergence (Wahlenberg 1946) . Non-structural carbohydrate storage may also assist recovery from damage to aboveground tissue during regrowth of foliage or stem tissue (e.g., sprouting) (Bowen and Pate 1993; Guo et al. 2004; Miyanishi and Kellman 1986) . However, a recent study has demonstrated that growing tall is not an effective strategy for longleaf pine saplings to survive fire (Wang et al. 2015) . Thus, the greater concentrations of nonstructural carbohydrates in south Florida slash pine and longleaf pine may ensure recovery of photosynthetic tissue following frequentfire(Knappetal.submitted; Kuehler et al. 2006 )ratherthan support rapid growth during the emergence from the grass stage.
Conclusion
Species-specific fire adaptation interact with characteristics of the fire regime to affect tree regeneration pathways. The suite of traits expressed by coastal and mountain longleaf pine and south Florida slash pine suggest they fit as fire tolerators that can survive very frequent surface fires in the seedling stage. In contrast, loblolly pine and typical slash pine tolerate fire when mature, but represent fire-refugia species that act as a source population for regeneration during longer fire-free intervals, whether at local or landscape-scales. Fine-scale variability in fuels or fire behavior may allow regeneration of either species to occur within similar sites and fire regimes, but our results suggest that different regeneration strategies based on fire frequency are defined by seedling traits. Seedlings of longleaf and south Florida slash pine represent a persistence strategy where resources are allocated to protective mechanisms. In contrast, longer fire-return intervals or areas with unburned patches would likely favor typical slash pine and loblolly pine because they can allocate resources to height growth, which may have allowed the persistence of the two species, albeit in limited abundance, in a region characterized by a frequent surface fire regime. In the absence of fire, these species would also capitalize through rapid expansion. Although we assume that the traits described in this study are important for fire tolerance, the relative importance of each individual trait remains unknown and calls for further investigations.
